In this paper, TiBCN-ceramic-reinforced Ti-based coating was fabricated on a Ti6Al4V substrate surface by laser cladding. The correlations between the main processing parameters and the geometrical characteristics of single clad tracks were predicted by linear regression analysis. On this basis, the microstructure, microhardness, corrosion resistance, and wear resistance of the coating and the substrate were investigated. The results showed that the clad height, clad width, clad depth, and dilution rate depended mainly on the laser power, the powder feeding rate, and the scanning speed. TiBCN-ceramic-reinforced Ti-based coating was mainly composed of directional dendritic TiBCN phases, equiaxed TiN phases, needle-like Al 3 Ti phases, and Ti phases. The microhardness gradually increased from the bottom to the top of the coating. The highest microhardness of coating was 1025 HV, which was three times higher than that of the Ti6Al4V substrate (350 HV). Furthermore, the coating exhibited excellent corrosion resistance and wear resistance. The corrosion potential (E corr ) reached −1.258 V, and the corrosion density (I corr ) was 4.035 × 10 −5 A/cm 2 , which was one order lower than that of the Ti6Al4V substrate (1.172 × 10 −4 A/cm 2 ). The coating wear mass loss was 4.35 mg, which was about two-third of the wear mass loss of the Ti6Al4V substrate (6.71 mg).
Introduction
Ti6Al4V is widely used in aerospace, petroleum, the chemical industry, and other fields due to its high specific strength and good corrosion resistance [1] [2] [3] . However, its poor wear resistance property restricts its application [4] .
In order to overcome this shortcoming, researchers have paid much attention to various methods for coating the surface of this material, including the arc spraying method [5] , electroplating method [6] , plasma spraying method [7] , and so on. The laser cladding technique is widely chosen to prepare surface coating in machined parts due to its advantages of higher mechanical properties and lower metallurgic defects [8] . The effect of processing parameters (laser power (P), scanning speed (S), powder feeding rate (F), and so on) on the clad geometry, microstructure, and properties of coatings has been reported [9] [10] [11] [12] [13] [14] [15] . Sun et al. [16] studied the influence of laser processing parameters on the geometrical characteristics of Ti6Al4V coating. The results indicated that the powder feed rate was the dominant factor on the clad width and clad height, while laser scanning speed had the strongest effect on clad depth. Lin et al. [17] studied the effect of processing parameters on the properties of TiB 2 /TiB cladding coatings on Ti6Al4V alloy. The results indicated that the microhardness and wear resistance of the coatings gradually increased with increasing laser power density. Li et al. [18] fabricated laser cladding coatings on a Ti6Al4V substrate, and the results showed that the coatings had better wear resistance. Kumar et al. [19] studied the characterization of clad layer morphology, microhardness, wear behavior, and elemental compound formations of AlN-Ni-Ti6Al4V coating. The results found that the cladding microhardness increased up to [3] [4] times that of the substrate. Furthermore, the coating had better wear resistance. Based on the above analyses, it can be seen that researchers have added and synthesized binary ceramic materials (such as TiC, TiB, TiB 2 , and AlN particles) to increase the properties of the coating on Ti6Al4V alloy substrates. However, investigations into ternary and quaternary ceramic composite coatings on Ti6Al4V alloy substrates are lacking.
TiBCN is a quaternary ceramic material with good mechanical properties and chemical stability [20] [21] [22] [23] [24] . However, there are few reports about the application of TiBCN coating in laser cladding.
In this paper, the laser cladding parameters of 90 wt.% Ti + 10 wt.% TiBCN powder were optimized by the regression analysis method. TiBCN-ceramic-reinforced Ti-based coating was fabricated on a Ti6Al4V substrate surface by laser cladding, and the microstructure and properties were investigated.
Experimental
Ti6Al4V alloys (20 mm × 15 mm × 10 mm) (YeBo Steel Co., LTD. Dongguan, China) was used as the substrate. The chemical composition of the alloy is listed in Table 1 . In order to remove the oxide film, the end face of the substrate was polished with metallographic sand paper (180#) and washed with acetone before laser cladding. For the clad material, 90 wt.% Ti (99.5%, 115-230 µm, Global Golden Ding Technology Co. LTD, Beijing, China) and 10 wt.% TiBCN (99.5%, 115-230 µm) were used. A 4400 W laser system (LDF 4000-100, Laserline Gmbh, Mülheim-Kärlich, Germany) was used to produce the coatings. The coaxial powder delivery system (DMS-3D, Duomu Industry Co., Ltd., Shanghai, China) was used to feed powders, and high-purity argon was used as the laser shielding gas. The main parameters of laser cladding processing were chosen as follows: laser power P = 800-1400 W, scanning speed S = 3-7 mm/s, powder feeding rate F = 200-300 mg/s, overlap rate D = 50%.
The clad height (h), clad width (w), and clad depth (b) of the tracks was measured using the MIAPS software (Release version 5.7, Precise Instrument Co., Ltd., Beijing, China). Figure 1 shows the schematic view of a typical single cladding. The dilution (D) was calculated using Equation (1) [16] :
For predicting the different laser track geometry characteristics, the model was established by Equation (2) [25] :
Coatings 2019, 9, 407 3 of 11 where y is the measured geometrical characteristics values; a and b are constants. Taking the logarithm of both sides, Equation (3) was derived:
If y 1 = lny, X = lnP, Y = lnS, Z = lnF, A = lna + lnb, Equation (4) would be as follows:
α, β, γ were used to determine the linear regression analysis, which were calculated using SPSS Statistics analysis software (SPSS, Statistics 19) .
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Conclusions
TiBCN-ceramic-reinforced Ti-based coating was prepared on the Ti6Al4V substrate surface, and the geometrical characteristics, microstructure and properties of the coatings were investigated. The conclusions are as follows:
•
The geometrical characteristics (h, w, b, D) depend mainly on the laser power, the feeding rate, and the scanning speed. This relationship can be written in the form S −3/4 F, P 2/5 S −1/2 F 1/5 , P 4/5 S 3/5 , and P 1/2 S −4/5 F 1/10 with a correlation coefficient R 2 = 0.96, 0.98, 0.94, and 0.88, respectively.
The TiBCN-ceramic-reinforced Ti-based coating consists of the directional dendritic TiBCN phases, the equiaxed TiN phases, needle-like Al 3 Ti phases, and Ti phases.
In comparison to the Ti6Al4V substrate, the microhardness, corrosion resistance, and wear resistance of TiBCN-ceramic-reinforced Ti-based coating are obviously improved.
